A simple model to summarize the precedence effect is proposed that uses a single metric to quantify the relative dominance of the initial interaural delay over the trailing interaural delay in lateralization. This model is described and then used to relate new measurements of the precedence effect made with adjustment and discrimination paradigms. In the adjustment task, subjects matched the lateral position of an acoustic pointer to the position of a composite test stimulus made up of initial and trailing binaural noise bursts. In the discrimination procedure, subjects discriminated interaural time differences in a target noise burst in the presence of another burst either trailing or preceding the target. Experimental parameters were the delay between initial and trailing stimuli and the overall level of the stimulus. The model parameters (the metre c and the variability of lateral position judgments) were estimated from the results of the matching experiment and used to predict results of the discrimination task with good success. Finally, the observed values of the metric were compared to values derived from previous studies.
INTRODUCTION
The precedence effect refers to the phenomenon whereby greater emphasis is placed on the early-arriving components in localizing or lateralizing sounds composed of two or more components (for a review, see Zurek, 1987) . Measurements of this effect have traditionally been of two basic types. In the first, adjustment methods are employed to match the position of a reference (or pointer) stimulus to that of a test stimulus by varying the parameters of either the reference or test stimulus (e.g., Wallach et al., 1949; Yost and Soderquist, 1984) . In some instances (for example, when subjects are asked to center the test stimulus) the reference stimulus may be absent. The second type of measurement requires discriminations to be made on characteristics of the early-or late-arriving components (Zurek, 1980; Gaskell, 1983; Saberi and Pertort, 1990 ). Comparisons of results on the precedence effect are hampered by these differences in methodology.
In the present study we propose and evaluate a simple model that, under certain conditions, summarizes adjustment and discrimination measures of the precedence effect with a single metric that reflects the relative contribution of the earlier component. First the model and its assumptions will be described, and then new adjustment and discrimination data will be presented to test those assumptions. 
where it is assumed that 0 <c < 1 and that ,/ is a zeromean, Gaussian-distributed random variable that is independent from presentation to presentation. The standard deviation of r/is denoted by a. With such a model, a strong precedence effect is indicated by values of c near 1. If there were no precedence effect, and the perceived position depended equally on r] and r 2, the value of c would be 0.5. Equation (1), together with the constraint that c lies between 0 and 1, implies that the mean value of a falls within the bounds of r• and r 2, which, for these stimuli, is equivalent to assuming that the mean composite stimulus position falls between the positions at which the initial and trailing bursts would be heard if presented alone. The basic assumption of the model is that the combined effects of the leading and trailing interaural delays can be represented by their weighted average. This assumption will be violated only if a falls outside of the interval [r•,rz] bounded by the two stimulus delays, since a value for c between 0 and 1 can always be found to satisfy Eq. vary with such parameters as overall level and the lag between leading and trailing sounds, they might not vary with other parameters. For example, whether c varies with the interaural delays r• and r 2 is a matter of theoretical interest (Lindemann, 1986a, b) . As an overall test of the model's ability to relate results from different procedures, adjustment and discrimination measurements of the precedence effect will be made and analyzed.
II. METHODS
All experiments were performed using TDH-39 headphones mounted in circumaural GS001 cushions. Subjects were seated in a soundproof room and presented with composite stimuli composed of white noise. The bursts were presented with a lag between their average onsets (see Fig.   1 ). There were no interaural level differences and no interburst level differences. The noise bursts were 1 ms in length and were constructed with a rectangular time window.
To construct the stimulus for one interval, a random white noise sample was selected. This sample was used to generate both initial and trailing binaural bursts, and thus was replicated four times (once for each ear, for each burst). The two bursts were coherent, and differed from each other only in interaural delay (if at all). These two bursts were combined with some interburst delay (the lag) to generate the final binaural stimulus.
A VAX 11/750 was used to run the experiments and to generate the white noise waveforms. Stimuli were presented via 16-bit D/A converters at an 80-kHz sampling rate.
Four subjects participated in the experiments. All had hearing within the normal range and were between 23 and 29 years of age. Experience levels varied: subjects BGSC, GO, and PC had been involved in binaural hearing research for up to 2 years before these experiments were performed; subject RKC was a novice in auditory experiments. Initial tests were monitored to detect any learning trends. Results reported here were taken after performance stabilized.
Both adjustment and discrimination measurements were made at two noise levels (80 and 110 dB SPL), and at two lags ( 1 and 10 ms). These values of lag were chosen to provide conditions with a strong ( 1 ms) and a weak ( 10 ms) precedence effect. Note that, for the l-ms lag conditions, initial and trailing bursts overlapped in one of the 
A. Pointer adjustments
An acoustic pointer was used as a measure of perceived lateral position of the two-burst test stimuli. The subject's task was to match the position of the pointer to that of a test stimulus. Like the test stimulus, the pointer stimulus also had two bursts; however, both bursts had the same interaural delay, at, (subscript p for pointer), which was under the subject's control (see Fig. 2 While listening to the test train, the subject could press a key at will to switch to the pointer train, and vice versa. As with the test train, each composite stimulus in the pointer train used a different sample of noise. To reduce confusion between test and pointer trains, the repetition rate of the pointer train was slightly slower than that of the test train (2 per 1.5 s).
The initial interaural delay of the pointer stimulus was random, between --1000 and 1000/zs. Using the keyboard, the subject adjusted %, so that the perceived lateral posi- A run consisted of 50 trials. Four runs were performed for each combination of lag, level, and target choice (initial or trailing burst). Lags were 1 or 10 ms and levels were 80 or 110 dB SPL as in the pointer adjustment experiment. Since there were three parameters (lag, level, and choice of target burst), each of which could assume one of two values, there were eight different conditions to be tested. Each condition was repeated at least four times, yielding a minimum of 32 runs per subject and a minimum of 200 trials per data point. To test for learning effects, these 32 runs were performed as two sets of 16 runs. That is, all conditions were tested twice before any condition was repeated a third time.
Performance was measured by the percent correct response for all 200 trials, and was further broken down according to the relationship between the interferenceburst interaural delay and the target-burst interaural delay.
For each interval in a trial, the interference-burst interaural delay could either agree or disagree in sign with the target-burst interaural delay (see Fig. 3 ). Each trial was put into one of three categories depending on these signs. In a "reinforcing" trial, the interference delay had the same sign as the target delay in both intervals. In a "cancelling" trial, the sign of the interference delay disagreed with the sign of the target burst delay in both intervals. A "mixed" trial consisted of one interval in which the signs were the same and one in which they were opposing. Statistically, 25% of all trials were reinforcing, 25% were cancelling, and 50% were mixed.
III. RESULTS

A. Pointer adjustments
The results of pointer adjustments for the four combinations of lag and level are presented in Fig. 4 formance on reinforcing trials is not presented because, of the 32 points, 30 were greater than 90% correct and the remaining two greater than 85% correct. In these plots, the predicted performance (discussed below) is plotted against obtained performance, and the strength of the precedence effect is measured by the degree to which scores obtained on discriminating the initial burst (open symbols) are superior to scores obtained on discriminating the trailing burst (filled symbols). As with the results of the pointer adjustments, some subjects showed a stronger precedence effect than others. Also, in most cases the precedence effect is stronger for the shorter lag time. Some subjects show little precedence effect for longer lag times. BGSC, who showed the strongest precedence effect in the pointer adjustments, also shows the greatest difference in performance between initial and trailing burst discrimination.
IV. MODEL CALCULATIONS A. Estimation of c
The least-square-error estimate ff of the precedenceeffect metric can be found using the results of the pointer experiment by •. Since p is the standard deviation of a mean of n observations, it will be related to the standard deviation a of the observations as: 
where rl+ and r2+ are the interaural time differences in the interval whose target burst has a positive interaural delay, r•_ and r 2 are the interaural time differences in the interval whose target burst has a negative interaural delay, a(r•,r2) is the expected value of the effective interaural delay a for the specified values ofr• and r 2, and 7/+ and r/ are independent, zero-mean Gaussian random variables with standard deviation a. In these experiments, when the initial burst was the target, r•. was 50/as and r}_ was --50/as; when the trailing burst was the target, r•+ was 50
/•s and •'2-was --50/zs. Thus the probability of a correct response is given by Pr(a+ > a_) = Pr(•(•'t +,•'2+) --•(•'•-,•'2-) > •/---•/+). (6)
This probability varies with the interaural delay of the interfering burst, which varied from trial to trial, giving each trial a different probability of correct response. Thus, the performance on a set of 50 trials corresponds to a sum of 50 Bernoulli random variables with different probabili- Fig, 9 for the subjects employed in that portion of the study, Clear patterns are not discernable.
E. Derivation of model parameter c from previous discrimination studies
Zurek (1980) performed three-interval, forced-choice discrimination experiments to find the JND in interaural delay for both the initial burst and trailing burst. In this study, the burst to be discriminated (initial or trailing) had an interaural delay of +r/2 in the "odd" interval and --r/2 in the other intervals. The nontarget burst was dietic in all three intervals. The measured interaural delay JND was the target interaural delay (%1 for the first burst JND and %2 for the trailing burst JND) for which the Pr(c) = 67%. Let the effective interaural delay of the odd interval be denoted by aol for discrimination of initial burst interaural delay, and ao2 for discrimination of trailing burst interaural delay. Let the effective interaural delay of the other intervals be denoted by as1 and as2. For trials with interaural delay at the threshold, the probability of a correct response for a single trial equalled the JND threshold probability, p.
For initial burst JND experiments, the effective interaural delays of the "odd" and "same" intervals can be From the present results, it appears that this condition was met for all subjects and conditions except for RKC with a 10-ms lag. RKC's pointer adjustments for this condition show an asymmetry that can be explained by assuming that he heard two images, one depending more strongly on the initial burst interaural delay and the other depending more strongly on the trailing burst interaural delay, and that he always adjusted the pointer to the rightmost image. It is noteworthy that the two postulated images must have been dependent upon both initial and trailing burst interaural delays to be consistent with the data, and that the predicted discrimination results were still relatively accurate for these cases.
Anecdotal reports by the subjects were consistent with these interpretations. Subject RKC reported multiple images with the 10-ms lag, which were most noticeable in the pointer adjustment experiment. This subject did not, however, consciously choose to match the right-most image; rather, he reported matching the image that seemed strongest in each trial.
For all remaining subjects and the conditions for which it appears that the single-image assumption is met (excluding RKC at the 10-ms lag), we can conclude that the single perceived position results from a weighted average of initial and trailing interaural delays. Further, the two bursts' interaural delays cannot be separately discriminated; rather, discrimination is based on a quantity that reflects the same weighting of initial and trailing interaural delays as measured positionally.
The precedence effect is strong for all subjects at a lag of I ms (as measured by ffbetween 0.7 and 1.0). For three subjects (excluding RKC), the initial burst interaural delay is also more influential than the trailing burst interaural delay in the 10-ms data (i.e., if>0.5).
This simple quantitative approach to examining the precedence effect can further be applied to previous studies. In these cases, the relative strength of the precedence effect (as reflected in the metric c) is comparable to the current results for various broadband stimuli when lateralization depends only upon interaural delay of initial and trailing sounds. Further, some interesting aspects of the current data can be found in these previous studies. Asymmetric lateralizations occur both in the current study (subject RKC) and in that of Zurek (1980; subject JB) as lag increases, and the sound image begins to break into two inter-dependent images. If subject JB is hypothesized to have the same response bias as that proposed for RKC (of responding preferentially to images on one side of the head in a matching paradigm), then his responses would exhibit an increasing asymmetry as lag increases and the two images break apart.
Of perhaps more interest is the trend seen in some of the data of Yost and Soderquist (1984) . It appears that for conditions where the precedence effect is not "complete" (i.e., there is a measurable influence of •'2 on lateralization), the "suppression" of the trailing sound lateralization is more effective when it is in a position distinct from that of the initial sound. This suppression pattern was commented on in Wallach et aL (1949) , where it was evidenced by a non-monotonicity in the value of r, required to offset values of •'2 in a composite stimulus. They remarked that the effect was "More interesting, and quite unexpected..." (p. 332), and performed a follow up experiment that confirmed the finding.
Yost and Soderquist (1984) discuss differences between results from one-and two-interval tasks (Fig. 9) as resulting from imprecision. An alternative explanation may be due to differences in strategies employed by subjects in the two tasks. Previous discussion of the precedence effect (e.g., Lindemann, 1986a) have considered two possible lateralization criteria: one based on the position of a centroid in a neural spatial map of auditory location, and one based on the position of a maximum in a neural spatial map of auditory location. In the one-interval task, where a subject is asked to make judgments of left-right relative to some subjective scale, they may employ a strategy of judging location by the former strategy (matching a centroid). However, when asked to compare the location of the precedence-effect inducing interval to the location of a second interval which has a clearly defined location with a sharp maxima (that of the interval with a single interaural time delay), the maximum of the judged interval may be compared to the sharp, reference-interval's maximum. If it is assumed that the lateralization information of a second burst is suppressed incompletely, then the proposed neural map centroid will be displaced even when the suppression is sufficient to leave the maxima unaltered. In this analysis, the effect of an incomplete suppression of lateralization information from a trailing burst would be more evident with the one-interval task (which relies on the centroid) than with the two-interval task (which relies on the maxima). As the suppression weakens (e.g., with increasing lag), the maximum will be affected by the presence of the second burst as well. Thus, while the current matching results for a 1-ms lag do not show that c depends on --r2[, this dependence is seen in the 10-ms lag results. In summary, this study suggests that pointeradjustment and discrimination measurements of the precedence effect can be related via a simple, plausible model, and therefore reflect the same underlying phenomenon.
The results lend credence to the use of discrimination measurements in characterizing a phenomenon that was originally described in terms of localization or lateralization. The consistency between position and discrimination measures also supports the view that the precedence effect stems from a loss of information about the trailing sound, and is not the result of a response bias towards the initial interaural delay in adjustment measurement.
